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Annealing behaviors of dislocation loops formed near the projected range (Rp loops) in 150 
keY, 5 X 1015/cm2 As + - implanted (001 )Si have been studied by both plan view and cross-
sectional transmission electron microscopy and Rutherford backscattering spectrometry. 
Factors influencing the formation and growth of the Rp loops, such as annealing temperature 
and time, as well as single- and two-step annealings have been investigated. 
The Rp loops were observed in samples annealed at 550-900 °C for 0.5 h. The loops were also 
found in samples annealed at 800 °C for a time as short as 1 s and as long as 8 h. However, they 
were not seen in samples annealed at 470°C for 4 h, 500 °C for 2 h, or 550°C for 15 min. The 
annealing behaviors of Rp loops in single- and two-step annealed samples and in samples with 
an oxide capping layer were found to be consistent with the suggestion that their formation is 
related to the agglomeration of self-interstitials mediated by the presence of a high 
concentration of electrically inactive arsenic atoms. 
I. INTRODUCTION 
Recent developments in the downscaling of microelec-
tronics devices have resulted in the adoption of ion implanta-
tion as the doping technique for the high-dose sections of 
devices in addition to its established use for the low-dose 
sections implants. I In high-dose implantation, the concen-
trations of dopant may exceed its equilibrium solid solubility 
limit. Previous studies have suggested that retarded amor-
phous/crystalline (a/c) regrowth rate, poor quality epitax-
ial growth, and concentration dependent precipitation ef-
fects may well be related to solid solubility limits for the 
implanted impurity in silicon. 2•3 
Arsenic has been used as one ofthe main n-type dopants 
in silicon devices due to its high solubility and low diffusiv-
ity. The relatively shallow penetration depth of As + implan-
tation in silicon further facilitates its application to form 
shallow junctions in microelectronics devices. 4 Discrete lay-
ers of defect clusters were observed to form at a depth match-
ing the projected range (Rp) of As and the original a/c inter-
face in high-dose (5XIO ,s/cm 2 ), lOO-keV As+-implanted 
samples following 600 °C annealing.s The upper layer of 
loops was annealed out after 1000 °C annealing. h The forma-
tion ofloops located around R p (R p loops) was attributed to 
be due to As clustering or precipitation of Si self-intersti-
tials. 5- 7 Enhanced elimination of end-of-range defects upon 
impurity concentration exceeding the solubility was as-
cribed to the emission of vacancies by the dissolution of Rp 
loops by Jones et al.8 On the other hand, noting that the 
formation of Rp loops is associated with As clustering, the 
growth ofhalfloops was proposed to be due to the supply of 
interstitials by the dissolution of precipitates.9 The atomic 
profiles of As obtained by secondary ion mass spectrometry 
(SIMS) from high-dose As + -implanted samples annealed 
at 600 °C did not show any redistribution of As. The carrier 
concentration profiles from spreading resistance measure-
ments indicated that only 30% of As was electrically active. 5 
The equilibrium solubility of As in Si was found to increase 
with annealing temperature in the temperature range of 
700-1100 0c. For high-dose As + -implanted (001 lSi, the 
maximum value of the measured concentration of electrical-
ly active As in Si ( - 3 X 1020 /cm3 ) is at least a factor of five 
lower than the measured solubility limit in the temperature 
range of 850-950 0c.1O Chu and Masters applied Rutherford 
backscattering spectrometry-channeling (RBS-channeling) 
technique to study high-dose As + -implanted (001 lSi and 
found displacement of As from Si lattice site. II Small defect 
agglomerates and rod-like defects in post-implantation an-
nealed high-dose As implanted (001 lSi were previously in-
terpreted to be As precipitates. 12-14 Owing to the difficulty 
associated with the direct identification of coherent precipi-
tates and/or small clusters, a study of the annealing beha-
viors of the Rp loops in high-dose As + -implanted silicon 
shall provide significant insight on the point-defect migra-
tion and agglomeration during solid phase epitaxial re-
growth of implantation amorphous silicon. 
Recently, the formation of a two-layer structure and the 
inhibition of the formation of Rp loops were observed in 80-
keY, 1 X lO 'h, and 2 X lO 'h /cm2 As + -implanted (001 lSi, re-
spectively. The results indicated that the formation of Rp 
loops is likely to be due to the agglomeration ofself-intersti-
tials mediated by the presence of a high concentration of 
electrically inactive As in the local region. As the concentra-
tion of arsenic ex~eeds a critical value, loops were inhibited 
to form. is In view of the new insight gained on the point 
defect migration and agglomeration, a detailed study of tne 
annealing behaviors of the Rp loops has been carried out. In 
this paper, we report the results of a study of the formation 
and growth of the Rp loops in high-dose As + -implanted 
silicon by both plan view and cross-sectional transmission 
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electron microscopy (XTEM) and Rutherford backscatter-
ing spectrometry. Factors influencing the formation and 
growth of the RI' loops. such as annealing temperature and 
time. single- and two-step annealings have been investigated. 
XTEM has gained prominence in the microstructural char-
acterization of thin films in recent years for its capability to 
provide high-resolution depth distribution of defects and in-
terface structure data. lb . 17 
II. EXPERIMENTAL PROCEDURES 
Single-crystal, 3-5 n em, boron-doped (001 )Si wafers 
were implanted with 150-keV As I -ions to a dose of 
5', 10 1'/cm c at room temperature, The beam current den-
sity was maintained to be less than lAx 1012 cm 2 s 1 to 
alleviate the beam heating effect. The wafers were oriented 7° 
off the incident beam direction to minimize the channeling 
effect. Almost all samples were annealed isothermally in a 
dry nitrogen flowing diffusion furnace at temperatures rang-
ing from 500 to 1000 T. In order to find out the interrela-
tionship between the growth of residual defects and the dif-
fusion of dopants. some samples were first annealed at 
gOO "C followed by a 500 °C annealing, The annealing time 
\vas 0.5 h at each temperature unless otherwise specified. 
High-purity nitrogen gas was first passed through a titanium 
getter tube, maintained at 800 T, to reduce the O2 content. 
To find out whether the out diffusion of As will significantly 
influence the evolution of microstructures, a i 30-nm-thick 
protective oxide layer was deposited on some of the implant-
ed samples by electron beam evaporation to prevent outdif-
fusion of As during annealing. For short time annealing, 
rapid thermal annealing with a graphite heater in Ar am-
hient was also performed. For a typical thermal cycle, a 
ramp-up time of about \0 s and a cooling rate (If about 100-
200 'Cis were used. The temperature of the sampks during 
annealing was constantly measured by a thermocouple at-
tached to the samples. 
XTEM samples were prepared following the procedures 
outlined by Marcus and Sheng. 1b Planview '«1m pIes were 
also examined whenever it was deemed helpful in gaining 
information on residual defects. Detailed procedures for po-
lishing of plan view specimens were reported previously. IH A 
JEOL-200CX scanning transmission electron microscope 
nperating at 200 k V was used for TEM examination. The 
density of defects distributed in a band was measured by 
taking into account their nonuniform depth distribution uti-
lizing data obtained from both cross-sectional and planview 
micrographs. The weak beam dark field technique was used 
to reveal the true shape of the defects. 1'1 The detection limit 
in terms of adequate contrast for the small loops is about 3 
nm. Rutherford back scattering spectrometry with 2-MeV 
He I -ions was used to measure the depth profile of As. The 
back scattered ions were collected at a scattering angle of 
1600 from the incident beam direction. 20 
III. RESULTS AND DISCUSSION 
Amorphization of the surface layer to a depth of about 
200 nm was found in As-implanted samples. The a/c inter-
face was observed to be rather flat with undulation about 5 
nm in amplitude as seen in Fig. 1 (a). Point defect clusters, 
about IOl7/cmz in density and 1.5 nm in average size, were 
found to distribute in a band about 50 nm in width immedi-
ately beneath the original ale interface. 
A. 470-500"C annealing 
Solid phase epitaxial growth (SPEG) was completed 
and near completion after annealing at 470°C for 4 hand 
500°C for 2 h, respectively. An example is shown in Fig. 
1 (b). The flatness of the al c interface as well as the density 
and distribution of point defect clusters beneath the original 
alc interface were found to be similar to those found in as-
implanted samples. The regrowth layer was observed to be 
essentially defect free. 
B. 550-800 "C annealing 
1. Dislocation loops near the projected ion range 
The SPE regrowth of the amorphous layer was found to 
complete after 550 T annealing for 15 min. No Rp loops 
were evident. However, the Rp loops were observed in sam-
ples annealed at 550°C for 20 min. Two discrete bands of 
dislocation loops were found to locate around depths corre-
sponding to the projected ion range and the original ale in-
terface, respectively. in 550-800°C annealed samples. The 
density and average size of the dislocation loops in the upper 
band of defects were found to decrease and increase with 
annealing temperature, respectively. The widths of the up-
per band were measured to range from 60 to 80 nm. The RI' 
loops were found to form in samples annealed at 800 °C for a 
lie; I V,"""k heam dark Held (WBDF) images nf cross·sectinnal (c·s) view of (a) as implanted and (h) annealed at SOO 'C for 2·h sample. 
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time as short as 1 s with the width of the upper band being 
limited to about 40 nrn. Examples are shown in Figs. 2(a)-
2 (e). In 800·C annealed samples, about 40 nm in size 
equiaxialloops were observed in the upper band of defects. 
The dislocation loops were analyzed to be interstitial in na-
ture with 1/3(111) or 1/2(110) Burgers vectors. The Rp 
loops appeared to be rather stable in samples annealed at 700 
and 800 ·C since they were still present after annealing for 4 
and 8 h, respectively. 
2. Residual defects near the original af c Interface 
In 550-700·C annealed samples, the density and distri-
bution of defects were about the same as those in As-im-
planted samples. In 800·C annealed samples, elongated 
loops, 50 nm in average size and 2X 1O lo/cm.1 in density 
were observed to distribute in an about 40-nm-thick layer 
immediately beneath the original a/e interface. Rodlike de-
fects, 50 nm in length and 2 X 1015/cml in density, were 
found to extend to a depth of about 300 nm from the surface. 
C. 900 ·C annealing 
Two discrete bands of defects were still evident in 900 ·C 
annealed samples. The density and average size of Rp loops 
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were measured to be about 2 X 10 16/cm3 and 45 nm, respec-
tively. The width of the band of Rp loops was about 80 nm. 
The dislocation loops distributed in a band immediately be-
neath the original ale interface was found to be about 40 nm 
in size and 5 X ]015 Icrn} in density. An example is shown in 
Fig. 3(a). The Rp loops were still present in samples an-
nealed for 1 h. 
D. 1000 ·C annealing 
The two-band structure of defects was no longer evident 
in l000·C annealed samples as seen in Fig. 3 (b). A low 
density of dislocations, about 1 X 109 /cm2 in density, were 
observed to distribute from the surface to a depth of about 
400 nm from the surface. The dislocations were identified to 
be of mixed type with 1/2 ( 110) Burgers vectors. Examples 
of XTEM and planview images are shown in Figs. 3 (b) and 
3(c), respectively. 
A schematic diagram of the distribution of residual de-
fects in 500-1000·C annealed samples is shown in Fig. 4. 
E. 900-500 ·C two-step annealing 
In samples annealed first at 900·C followed by anneal-
ing at 500·C for 2 h, the density and average size of the Rp 
loops (8 X 1014 Icm 3 and 80 nm) were found to be lower and 
F1G.2. WBDF images of samples annealed at (a) SOO°Cfor2 h, (b) 600°C 
forO.S h. (c) 700 °C forO.S h, (d) 800 °C forO.S h. and (e) 800 °C for I s, Cos 
view. 
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FIG. J. WBOF Image' of ,ample, annealed at (a) 9()() 'C for 0.5 h. c-s view. (b) 1000 'C for 0.5 h. c·, ,iew, and (c) 1000"C for 0.5 h, planview. 
larger than those in 900 °C annealed samples, respectively. 
See Fig. Sea). 
F. Annealing of samples with a protective oxide layer 
The microstructures were found to be not significantly 
different between samples with and without a protective O~­
ide layer and annealed at 800 or 900 0c. An example is 
shown in Fig. 5 (b). The observation indicated that outdiffu-
sion of As during the annealings at 800-900 °C did not in-
duce significant change in the microstructures. 
The occurrence of RI' loops in high-dose As . implant-
ed silicon annealed at 600 °C was previously found. 5- 7 Tn th;; 
present study. the absence of observable R p loops in sampki; 
annealed at 500 °C for 2 h and at 550"C for 15 min is likely 
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FIG. 4. A. schematic diagram of the distribution of residual defects formed 
in As deposited and 500- i(XlO 'C annealed samples 
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due to the low diffusivity of As and/or Si self-interstitial at 
these temperatures. In samples annealed at 550-900 °C, the 
density and size 0;' R I' loops were found to decrease and 
increase with annealing temperature, respectively. The Rp 
loops were also observed in samples annealed at SSO °C for 
FIG. 5. WBOF images ofsampb (a) annealed at 9()()'C for O.S h followed 
hy annealing at 500 T for 2 h, (h) with a capping oxide layer annealed at 
900 T for 0.5 h. c-, view. 
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20 min and 800 °C for a time as short as 1 s. The widths ofthe 
band of Rp loops were measured to be 40 and 90 nm in sam-
ples annealed at 800 °C for 1 sand 0.5 h, respectively. The 
annealing behaviors of Rp loops were found to be consistent 
with the suggestion that the formation of the Rp loops are 
due to the agglomeration of self-interstitia Is mediated by the 
presence of a high concentration of electrically inactive As. 15 
The annealing behaviors of Rp loops in 900-500 °C two-
step annealed samples and in samples with an oxide capping 
layer seemed to render further support to the suggestion that 
As diffusion is not the dominant factor in influencing the 
growth dislocation loops near Rp at 500 dc. In samples first 
annealed at 900 °C followed by a further annealing at 500 °C 
for 2 h, RBS data showed that the As profile remained the 
same as that of900 °C annealed samples. However, the aver-
age size and number density of Rp loops were considerably 
larger and lower, respectively, than those in single-step an-
nealed samples. It is known that little diffusion of both Si and 
dopants occurred during solid phase epitaxial growth ofSi at 
500 DC. The coarsening of defects in 900-500 °C two-step an-
nealed samples is attributed to the enhanced diffusion owing 
to the presence of defects formed at 900 °C during a further 
500 °C annealing. A previous study indicated that the diffu-
sion rate ofSi self-interstitial is generally higher than that of 
As interstitial in silicon. 21 We note that coarsening is a pro-
cess driven by minimizing interface energy with correspond-
ing decrease in number density and increase in size of 
100ps.22 
IV. SUMMARY AND CONCLUSIONS 
Both plan view and cross-sectional TEM as well as RBS 
spectrometry have been applied to study the annealing beha-
viors of Rp loops in post-implantation annealed (001 )Si ir-
radiated by 150-keV As" toadoseof5X 10 15 /cm2 • Factors 
influencing the formation and growth of the R p loops, such 
as annealing temperature and time, single- and two-step an-
nealings as well as substrate orientation have been investi-
gated. 
Two discrete bands of dislocation loops were observed 
to form in samples annealed at 550-900 OC for 0.5 h. The 
upper band ofloops was centered around the projected range 
of As + ions. The Rp loops were found in samples annealed 
at 800 °C for a time as short as 1 s. However, they were not 
seen in samples annealed at 470°C for 4 h, 500 °C for 2 h or 
550°C for 15 min. In samples annealed at 550-900 DC, the 
average size and density of defect clusters were found to in-
crease and decrease with annealing temperature, respective-
ly. The Rp loops remained in samples annealed at 700 °C for 
4 h, 800 °C for 8 h or 900 °C for 1 h. The Rp loops were 
annealed out following 1000 °C annealing. The annealing be-
4507 J. Appl. Phys., Vol. 68, No.9, 1 November 1990 
haviors of Rp loops are consistent with the suggestion that 
they are induced by the agglomeration of self-interstitials 
mediated by the presence of a high concentration of electri-
cally inactive As. 
In samples annealed first at 900 °C followed by anneal-
ing at 500 °C for 2 h, drastic change in structure of the Rp 
loops was also shown to be mainly due to diffusion ofSi self-
interstitials. The evolution of the Rp loops was not signifi-
cantly affected by the outdiffusion of As during 800-900 °C 
annealing as seen from the observation that no apparent dif-
ference was found between microstructures in samples with 
and without an oxide capping layer. 
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